We conducted a pixel-based analysis of the acute hemodynamic and metabolic determinants of infarctive histo pathology in a reproducible model of temporary (2-hour) 
middle cerebral artery occlusion (MCAO) produced in rats by an intraluminal suture, Three-dimensional averaged image data sets of local cerebral blood flow (LCBF) and glucose utilization (LCMRglc) acquired in the companion study (Belayev et aI., 1997) either at the end of a 2-hour period of MCAO or after 1 hour of recirculation were comapped (using digitized atlas templates) with data sets depicting the frequency of histological infarction in <t matched animal group (n = 8) in which 2 hours of MCAO was followed by 3-day survival, sequential neuro behavioral examinations, and perfusion-fixation and paraffin embedding of brains for light-microscopic analysis, All rats developed marked postural-reflex and forelimb-placing deficits at 60 minutes of MCAO, signifying high-grade ischemia, Tac tile placing deficits persisted during the 72-hour observation period while visual placing and postural-reflex abnormalities variably improved, Comapping of LCBF and histopathology showed that in those pixels destined to undergo infarction, LCBF measured at 2 hours of MCAO showed a sharp distri butional peak centered at 0,14 mUg/min, In 70% of pixels destined to infarct, LCBF at 2 hours of MCAO was 0,24 mU
The intent of this study is to analyze, as precisely as possible, the early hemodynamic and metabolic determi nants of infarctive histopathology in focal cerebral isch emia, To this end, we have implemented a computer assisted method of multimodal image analysis that per mits the comapping of multiple digitized data sets derived from both light-microscopic histopathology as g/min or below, and in 89% LCBF was below 0.47 mUg/min (the upper limits of the ischemic core and penumbra, respec tively, as defined in the companion study lBelayev et aI., 1997]), Local cerebral glucose utilization measured at -1 hour after 2 hours of MCAO was distributed bimodally in the pre viously ischemic hemisphere, The major peak, at 22 J,Lmol/lOO g/min, coincided exactly with the distribution peak of pixels destined to undergo infarction, while in pixels with a zero probability of infarction, LCMRglc was higher by 12 to 13 J,Lmol/lOO g/min, These results indicate that local blood flow at 2 hours of MCAO is a robust predictor of eventual infarction, Pixels with ischemic-core levels of LCBF (0% to 20% of con trol) have a 96% probability of infarction, while the fate of the penumbra is more heterogeneous: below LCBF of 0,35 mUg/ min, the probability of infarction is 92%, while approximately 20% pixels in the upper-penumbral LCBF range (30% to 40% of control) escape infarction, Our data strongly support the view that the likelihood of infarction within the ischemic pen umbra is highly influenced by very subtle differences in early perfusion, Key Words: Focal cerebral ischemia-Stroke Cerebral infarction-Penumbra-Image-processing-Auto radiography, well as autoradiography. We have applied this approach to study middle cerebral artery occlusion (MCAO) pro duced in the rat by insertion of an intraluminal suture, using a modification that results in highly consistent his tological infarction (Belayev et aL, 1996) ,
In the preceding study (Belayev et aL, 1997) , we pre sented a detailed autoradiographic analysis of local ce rebral glucose metabolism (LMRg1c) and blood flow (LCBF), and their interrelationships, during 2 hours of MCAO and after 1 hour of postischemic recirculation in this modeL In the current investigation, we used a pixe1based strategy to analyze these alterations vis-a-vis the patterns of histological infarction in a matched series of rats with 2 hours of MCAO followed by 3-day survivaL By fitting the histological data set to a digitized anatomic atlas (Zilles, 1985) , we were also able to quantitate pre-cisely the extent of histological infarction within func tional-anatomic brain areas-an analysis that aids in the interpretation of the neurobehavioral deficits produced in this model.
MATERIALS AND METHODS
The studies reported here were conducted on male Sprague
Dawley rats subjected to a 2-hour period of right MCAO. Ani mals were fasted overnight, anesthetized with halothane/nitrous oxide, orally intubated, mechanically ventilated, and monitored for rectal and 'cranial temperatures, arterial blood pressure, ar terial blood gases and pH, and plasma glucose by procedures that are fully described in the companion article (Belayev et aI., 1997 Belayev et aI., 1997, for full description). The tip of the suture was blunted by heat ing near a flame before use. A 20-mm distal segment of the suture was then coated with poly-L-Iysine solution as previ ously described (Belayev et aI., 1996 (Belayev et aI., , 1997 .
Twenty rats were studied autoradiographically, for either lo cal cerebral blood flow (LCBF) or local cerebral glucose uti lization (LCMRgic) by means of 14 C-labeled iodoantipyrine and 2-deoxyglucose, respectively. Five rats underwent LCBF studies after 1.75 hours of MCAO, and another 5 were studied after 2 hours of MCAO plus I hour of postischemic recircula tion. In the LCMRgic series, S rats were studied at 1.5 to 2.25 hours after MCAO; and another 5, at 0.75 to 1.5 hours of postischemic !4ecirculation; the temporal centroid of the latter two study-intervals corresponded to the time-points used in the respective LCBF groups, thus facilitating intergroup compari sons. The companion article (Belayev et aI., 1997) is devoted to an extensive presentation of the methods and results of these LCBF and LCMRgic studies.
In another 8 rats (weighing 265 to 320 g) subjected to 2 hours of MCAO in identical manner to the above studies, a 3-day survival was permitted, during which sequential neuro behavioral testing was performed. These rats were then perfu sion-fixed for histopathological analysis.
Neurobehavioral evaluation
Behavioral tests were performed on all rats before MCAO Total neurological score. Total neurological score was cal culated as the sum of scores on forward visual placing (range, o to 2), lateral visual placing (0 to 2), dorsal (0 to 2) and lateral (0 to 2) tactile placing, and postural reflex (0 to 2); the maxi mally abnormal score was 10.
Image-analysis of histopathology
In 8 rats with 2 hours of MCAO followed by 72 hours of reperfusion, a quantitative light microscopic histological analy sis of brain infarction was performed. Brains were perfusion fixed as previously described (Nakayama et aI., 1988) at corresponding coronal levels were then mapped into a com mon template (derived from the appropriate sections of the atlas of Zilles et aI., 1985) and were summed to produce ag gregate histological maps showing the frequency of infarction at each pixel location (Zhao et aI., 1996) . These are shown in
For purposes of this analysis, we wished to compare the histological frequency data set on a pixel-by-pixel basis with the corresponding LCBF and LCMRgic data sets derived in the companion study (Belayev et aI., 1997) . To this end, at each of the 8 coronal levels corresponding to the histological data set, the average LCBF and LCMRgic data sets of the companion study (Belayev et aI., 1997) were comapped into the same atlas template (Zhao et aI., 1995) , permitting pixel-by-pixel correla tions of infarction frequency with blood flow or glucose me tabolism in the same focal-ischemia model.
RESULTS

Physiological variables
These did not change over time when measured 15 minutes before and 15 minutes after MCAO. Mean val ues (± SD, n = 8 rats) are cranial temperature, 37.2 ± O.lOC; rectal tfmperature, 37.4 ± 0.1 °C; arterial pH, 7.4 1 ± 0.05; P02, 112 ± 14 mm Hg; PC02, 38.3 ± l.5 mm Hg; arterial blood pressure, 106 ± 13 mm Hg; and plasma glucose level, 116 ± 10 mg/dL. All physiological data were comparable between this series and the autoradio graphic series presented in the companion article (Be layev et aI., 1997).
Neurobehavior
Consistent with the observations reported in the com panion study (Belayev et aI., 1997) , all 8 rats of the histological series had a normal neurological score ( = 0) before MCAO, and all animals developed a marked defi cit ( = 9 out of a possible 10) when first assessed at 60 minutes of MCAO (Fig. 2 ). Repeated neurobehavioral testing at 24, 48, and 72 hours after MCAO revealed a persistence of maximal tactile placing deficits (both dor sal and lateral) at all time points. By contrast, visual placing deficits and postural reflex abnormalities im proved variably at 24 to 72 hours in I or 2 animals, as shown in Fig. 2 . Thus, the total neurological score, on average, improved over the 3-day survival period (from 9 ± 0 [SD] at 60 minutes to 8. 1 ± 0.8 at 72 hours; Fig. 2 ).
Functional-anatomic distribution of histopathology
By fitting digitized sections of the functional-anatomic atlas of Zilles et al. (1985) (see Fig. 1 of companion article [Belayev et aI., 1997] ) to the histopathological maps of individual rats, we could compute the percent age of total pixels of each rat showing infarction within each anatomic area. These data are shown in Table 1 (in which the anatomic structures are listed in a manner identical to that used to present LCBF, LCMRg1c, and the LCMRg1c/LCBF ratio in Tables 2 to 4 of the com panion article [Belayev et aI., 1997] ). Among cortical regions, the somatosensory, temporal, and lateral occipi tal cortices showed the most extensive and consistent involvement (80% to 100%, coefficient of variation 8%). The posterior caudoputamen was also infarcted through out virtually its entire extent in all rats. A variety of other structures showed lesser involvement (Table I) .
Correlation of histopathology with alterations of local blood flow and glucose utilization
Using the aggregate histological infarct-frequency data set ( Fig. 1) , we analyzed all right-hemisphere pixels at the 8 chosen coronal levels to determine the distribu tion of LCBF within those pixels after 2 hours of MCAO. These data are shown in Fig. 3A . A sharp LCBF distri bution peak was evident at 0.14 mUg/min, together with gradually diminishing numbers of pixels with higher LCBF values, which extended into the normal range. One-half of all right-hemisphere pixels had LCBF below 0.30 mUg/min. Figure 3B depicts the relationship between LCBF at 2 hours of MCAO and the extent of infarction within vari ous right-hemisphere pixel subsets defined on the basis of their respective frequency of infarction (ranging from o of 8 rats, or 0% probability of infarction, to 8 of 8 rats, or 100% probability of infarction). For each of the non zero-probability pixel subsets in Fig. 3B Hours after MCAo Hours after MCAo infarction (expressed as a percentage of total right-hemi sphere pixels) precisely mirrored the ischemic portion of the LCBF distribution (Fig. 3A) , and each showed an LCBF peak at 0. 14 mL/g/min and a broader "shoulder" extending to an LCBF value of 0.22 to 0.24 mL/g/min. Above that LCBF level, the extent of infarction de creased steeply. We conducted a similar pixel-based analysis to relate histological infarction to LCMRglc measured at -I hour of recirculation after 2 hours of MCAO. These data are shown in Fig. 4 . Within the previously ischemic right hemisphere, LCMRglc values were distributed bimod ally, with a major peak at 22 /-LmoiIlOO g/min, and a minor peak at 34 to 35 /-LmolIlOO g/min. As is evident in Fig. 4B , the major LCMRglc peak corresponded exactly to those pixels with a non-zero probability of undergoing J Cereb Blood Flow Metah. Vol. 17. No. 12. 1997 histological infarction. By contrast, those pixels with a zero probability of infarction had a modal LCMRglc value corresponding to the 34 to 35 /-Lmol/lOO g/min peak but subsumed, as well, a range of lower and higher values. Nonetheless, by -1 hour of recirculation, those pixels destined for infarction had, by and large, a sub stantially lower modal value of LCMRglc (by 12 to 13 /-Lmolll 00 g/min) than those pixels destined to survive without infarction.
These data were used as a basis for an analysis of cumulative infarction frequency as a function of LCBF at 2 hours of MCAO, and of LCMRglc at -1 hour of post ischemic recirculation. These curves are shown in Fig. 5 . Of all pixels destined to undergo infarction (weighted data from n = 8 rats), 70% had LCBF values at 2 hours of MCAO of 0.24 mL/g/min or below (the level defined N = 8 rats subjected to 2 hours of MCAO by intraluminal suture, followed by 3-day survival. Atlas levels 0-7 correspond to coronal levels of bregma +1.2, -0.3, -1.8, -3.8, -4.8, -6.3, and -7.8 mm, respectively.
as the upper limit of the ischemic core in the companion study [Belayev et aI., 1997] ); and 89% of pixels had LCBF values of 0.47 mUg/min or below (the level cho sen as the upper limit of the ischemic penumbra). As shown in Fig. 5B , by -1 hour of postischemic recircula tion, the majority of pixels destined for infarction showed a narrow range of glucose utilization: 50% of pixels destined to undergo infarction had LCMRglc of 22 fLmolllOO g/min or below; and 90% had LCMRglc val ues of 31 fLmolllOO g/min or below.
The above analysis thus establishes a narrow range of LCBF during MCAO that predicts histological infarc tion. Furthermore, those pixels destined to undergo in farction showed substantially depressed levels of LC MRglc by -1 hour of recirculation-values that distin guished them from those right-hemisphere pixels destined to survive without infarction. Figure 6 presents a three-dimensional pixel-based plot of the extent of in farction as a function both of LCBF at 2 hours of MCAO and of LCMRglc at -1 hour of postischemic recircula tion. The narrow range within which infarction occurs is readily evident.
DISCUSSION
In this study, we report a novel and powerful pixel based strategy for the correlative analysis of ischemic histopathology vis-a-vis antecedent hemodynamic and metabolic events, taking advantage of a highly reproduc ible method of transient MCAO combined with sophis-ticated multimodal image-processing. Our results build on several previous reports of the distribution and time course of light-microscopic histopathological alterations in models of MCAO by intraluminal suture (Zea Longa et aI., 1989; Nagasawa and Kogure, 1989; Memezawa et aI., I 992a, 1992b; Garcia et aI., 1995; Bartus et aI., 1995) . In a different model of focal ischemia in rats, Hakim et aI. (1992) have introduced an image-based strategy resembling that of the current study, to relate histopathology to local blood flow alterations.
Correlation of local blood flow with histopathology
Local blood flow at 2 hours of MCAO proved to be a robust predictor of eventual histological infarction in this study. The distribution of pixels destined to develop in farction showed a prominent LCBF peak centered at 0. 14 mUg/min and extending to approximately 0.35 mUg/ min (Fig. 3B) , whereas right-hemisphere pixels with zero probability of infarction had substantially higher LCBF (modal values 0.5 to 0. 6 mUg/min, Fig. 3 ). The cumu lative frequency plot of Fig. 5A indicates that only 4% of pixels destined not to infarct had early LCBF values at or below 0.24 mUg/min-corresponding to the range of the ischemic core as defined in the companion study (Be layev et aI., 1997) ; and that another 14% of pixels es caping infarction had early LCBF values within the range of 0.24 to 0.47 mUg/min, corresponding to our definition of the ischemic penumbra in the earlier study. Thus, while the probability of noninfarction is very low LCBF DISTRIB UTION, RIGHT HEMISPHERE, 2h MCAo for pixels within the ischemic-core LCBF range, it is more substantial for penumbral pixels.
N co a
The above analysis thus indicates that the histological fate of brain regions having 2 hours of MCAO LCBF within the penumbral range (i.e., 0.24 to 0.47 mUg/min) is heterogeneous. At LCBF values below 0.35 mUg/min at 2 hours of MCAO, the probability of escaping infarc tion altogether was low (8%), whereas an additional 9% to 10% of pixels in the upper-penumbral flow range (0.35 to 0.47 mUg/min) completely failed to show in farction. As indicated in Fig. 3B , the likelihood that a given brain region would show infarction in 25% or more of rats declined very sharply even at LCBF values above 0.25 mUg/min. This analysis points out that subtle LCBF differences (amounting to just 0. 1 to 0.2 mUg/ min) within the early hemodynamic penumbra exert a very great influence on the probability of infarction.
Our companion study (Belayev et aI., 1997) demon strated that the early ischemic core and penumbra, as defined by LCBF criteria, constituted 56% and 44% of J Cereh Blood Flow Metab. Vol. 17. No. 12. 1997 co '" 0 .... 0 <D OJ CO! CO! a the total hemodynamic lesion, respectively. By contrast, the present histological results in 8 rats (Fig. 5A) show that 70% of pixels destined for infarction have early LCBF values in the ischemic-core range; another 19% are in the penumbral range; and the remaining II % are at suprapenumbral levels. These percentages reinforce the concept that the fate of the penumbra is variable and highly dependent on the precise level of early LCBF.
Correlation of local glncose utilization with histopathology
Local glucose utilization at -1 hour of recirculation after 2 hours of MCAO showed a strongly bimodal dis tribution (Fig. 4) , with the major LCMRglc peak cen tered at 22 /-Lmol/100 g/min and extending from approxi mately 16 to 30 /-LmolIlOO g/min. This peak corre sponded exactly to those pixels undergoing infarction in the matched histological series. Although a minority of pixels in the 16 to 30 /-LmolIlOO g/min range escaped infarction, most noninfarcted pixels had appreciably higher LCMRglc values, centered at 34 to 36 /-LmolIlOO g/min. This bimodal behavior of LCMRglc strongly sug gests that depressed glucose utilization, even when pre sent as early as -1 hour of recirculation after 2 hours of MCAO, is a strong predictor of eventual infarction in the setting of focal ischemia. A shown in Fig. 5B , 90% of infarcted pixels had LCMRglc values of 31 /-LmoiIlOO g/min or below at this time point.
The spectrum of ischemic histopathology
We have confined our attention in the current study to an analysis of infarctive histopathology, i.e., regions of pan-necrosis, in which (by definition) all tissue elements are affected. Selective injury to neurons with preserva tion of the neuropil is also known to occur at the periph ery of brain infarcts (Strong et al., 1983 ) -changes also referred to as "incomplete infarction" (Lassen, 1982) , comprising acidophilic neurons with nuclear condensa tion surrounded by swollen astrocytes (Back et aI., 1996) . The contribution of selective neuronal injury to LCMRglc, umolf100g/min
the total histological lesion varies according to the pre cise conditions of the model used. For example, when we compared the histopathologic consequences of pho tothrombotic distal MCAO in two rat strains, Sprague Dawley rats had larger and more consistent zones of pan-necrosis but smaller zones of selective neuronal in jury (9% of total lesion), while Wistar rats had smaller and more variable cortical infarcts but a greater con tribution of selective neuronal injury to the total lesion (30%) (Markgraf et aI., 1993) . Other workers have described a narrow transition zone of damaged cortical neurons between the infarct margin and normal tissue (Nedergaard, 1987) , whose density is determined in part by the magnitude of local CBF decrements (Mies et aI., 1983) . More pronounced reductions in collateral blood flow result in smaller transition zones show ing selective cell loss (see Back et al. (in press ) for re view). The cascade of injury mechanisms at play in the acute ischemic penumbra is apparently exquisitely sensitive to Cumulative Frequency of Infarction vs. LCBF at 2h MCAo . Local cerebral glucose utilization at -1 hour of recirculation is depressed to 22 �mol/1 00 g/min or below in one-half of pixels destined to infarct, and to 31 �mol/ 100 g/min or below in 90% of pixels des tined to infarct. , 1996) . Finally, recent studies have also adduced evi dence for apoptosis as a component of neuronal injury in focal ischemia (Linnik et aI., 1995; Charriaut-Marlangue et aI., 1995; Li et aI., 1995; Du et aI., 1996) . In future All right-hemisphere pixels showing infarction were used for this analysis and were weighted by their infarction frequency and expressed as a percentage of total infarcted pixels in the 8 rats analyzed histologically. The magnitude of the distributional peak shown in this figure re flects the overwhelming probability that pixels destined for infarction will have early LCBF within the ischemic-core or low penumbral ranges. However, there is a plateau of consid erably lower infarction probability, amounting to about 10% of the total infarcted pixels, extend ing to somewhat higher CBF levels.
studies, we hope to extend our pixel-based correlative analysis to these types of neuronal injury as well.
Neurobehavioral observations
This MCAO model led to a consistent neurobehavioral deficit, with an initially severe disturbance of both visual and tactile placing and a lesser affection of the postural reflex. In individual rats, visual placing and postural re flex scores improved over 24 to 72 hours while tactile placing remained severely disturbed even at 72 hours (Fig. 2) . Correspondingly, pixel-based analysis of histo logical infarction within atlas-defined anatomic struc tures (Table 1) revealed the primary and supplementary somatosensory cortices to be among the most consis tently infarcted loci (percent of pixels infarcted, 80% to 100%).
The behavioral tests used in the current study have been found to be sensitive to asymmetries produced by large unilateral brain lesions (Barth et aI., 1990) . Fore limb placing deficits have been related to damage the frontoparietal region located between the medial agranu lar cortex and the primary somatosensory cortex (De Ryck et aI., 1992) . Tactile/proprioceptive forelimb dys function has been attributed to damage to frontal areas Frl and Fr3, with some involvement of Fr2 and parietal forelimb areas (terminology based on Zilles, 1985) . Sen sorimotor dlsfunction has been commonly noted in pre vious studies of focal cerebral ischemia in the rat (Be   derson et aI., 1986; Markgraf et aI., 1992; Wahl et aI., 1992) , and the magnitude of the behavioral deficits has correlated well with the size of the infarcted area (Be   derson et aI., 1986; De Ryck et aI., 1992; Belayev et aI., 1995) . Visual placing was initially severely impaired in all rats of this study but recovered partially in some animals over 72 hours (Fig. 2) . Correspondingly, occipi tal cortical regions showed a high incidence of infarction (Table 1) . using other focal-ischemia models in rats, have substan tiated that a 3 to 4 hour period of MCAO produces in farcts as large as those resulting from permanent vascular occlusion (Kaplan et aI., 1991; Buchan et aI., 1992) . The fact that a large, consistent infarct was seen in the current study after only 2 hours of MCAO may be abetted, in part, by the constrained nature of postischemic cortical recirculation in this model (Belayev et aI., 1997) .
CONCLUSION
